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The Drosophila embryonic hindgut is a robust system for the study of patterning and morphogenesis of epithelial organs.
We show that, in a period of about 10 h, and in the absence of significant cell division or apoptosis, the hindgut epithelium
undergoes morphogenesis by changes in cell shape and size and by cell rearrangement. The epithelium concomitantly
becomes surrounded by visceral mesoderm and is characterized by distinct gene expression patterns that forecast the
development of three morphological subdomains: small intestine, large intestine, and rectum. At least three genes encoding
putative transcriptional regulators, drumstick (drm), bowl, and lines (lin), are required to establish normal hindgut
morphology. We show that the defect in hindgut elongation in drm, bowl, and lin mutants is due, in large part, to the
requirement of these genes in the process of cell rearrangement. Further, we show that drm, bowl, and lin are required for
patterning of the hindgut, i.e., for correct expression in the prospective small intestine, large intestine, and rectum of genes
encoding cell signals (wingless, hedgehog, unpaired, Serrate, dpp) and transcription factors (engrailed, dead ringer). The
close association of both cell rearrangement and patterning defects in all three mutants suggest that proper patterning of the
hindgut into small intestine and large intestine is likely required for its correct morphogenesis. © 2001 Elsevier Science
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The development of many tissues and organs depends on
epithelial morphogenesis (reviewed by Gumbiner, 1992).
An epithelium is an apicobasally polarized sheet of cells
bound together by intercellular junctional complexes. Pro-
cesses that have been shown to contribute to epithelial
morphogenesis include: cell proliferation and apoptosis;
epithelial–mesenchymal transitions, in which an epithe-
lium dissociates into, or coalesces from, individual cells;
invagination (or evagination) which involves bending of the
cell sheet; cell stretching or spreading, in which a change in
cell shape from columnar to cuboidal increases the area of
the epithelium; and cell rearrangement, in which cells
intercalate between each other (Wolpert, 1998).
An important type of epithelial morphogenesis is tubular
elongation; this occurs during development of the kidney
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All rights reserved.and gut of both vertebrates and Drosophila (where the
Malpighian tubules function as a kidney equivalent)
(Campos-Ortega and Hartenstein, 1997; Saxen, 1987; Skaer,
1993; Carlson, 1994). In most cases, the role of changes in
cell shape and cell rearrangement in tubular morphogenesis
is difficult to assess, due to the extensive cell proliferation
taking place during elongation (Grapin-Botton and Melton,
2000). In the developing kidney of most vertebrates, for
example, there is controversy over whether the nephric
duct elongates by cell proliferation or by cell
rearrangement/migration (reviewed by Saxen, 1987); elon-
gation of the axolotl pronephros does, however, depend on
cell rearrangement (Poole and Steinberg, 1982).
A number of features, namely relative simplicity, small
cell number, characteristic morphology, and genetic acces-
sibility, make the Drosophila hindgut a useful system for
investigating the cellular and molecular genetic basis of
tubular morphogenesis. The hindgut of the mature embryo
develops as a single-layered epithelial tube surrounded by a
thin, circular visceral musculature (Campos-Ortega and
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Bate, 2001). The primordium of the hindgut epithelium is a
ring of about 200 blastoderm cells that is internalized
during gastrulation to form a short, wide sac. In a relatively
short time, this epithelial sac is transformed into a long,
narrow tube containing approximately 700 cells (Campos-
Ortega and Hartenstein, 1997; Harbecke and Janning, 1989;
this work). During its elongation, the hindgut becomes
divided into three morphologically distinct domains, small
intestine, large intestine, and rectum, each with character-
istic gene expression patterns (Hoch and Pankratz, 1996;
Takashima and Murakami, 2001). The morphology of the
hindgut and its component parts is highly stereotypical,
making deviation from the standard morphology easy to
recognize.
We have used cell biological and genetic approaches to
examine the contributions of cell proliferation, apoptosis,
cell shape change, and cell rearrangement to hindgut mor-
phogenesis in the Drosophila embryo. We show that prolif-
eration and apoptosis make a minimal contribution, while
cell shape change and rearrangement play important roles.
Characterization of the timing of postblastoderm mitoses
in the hindgut shows that most cell proliferation in the
hindgut occurs prior to the period when it undergoes its
maximal elongation. Using a mutant defective in apoptosis,
we show that this process also does not play a significant
role in molding hindgut morphology. Cell shape change,
from columnar to cuboidal, contributes to hindgut morpho-
genesis by increasing the overall area of the hindgut epithe-
lium. Quantitative analysis of changes in hindgut length
and circumferential cell number during embryogenesis
demonstrates that cell rearrangement provides an impor-
tant component of hindgut elongation.
Identification and characterization of genes required for
normal hindgut morphogenesis can ultimately provide mo-
lecular insight into the control of cell rearrangement. The
genes lines (lin), bowl, and drumstick (drm) have been
identified in previous screens for genes controlling gut
morphogenesis (Harbecke and Lengyel, 1995; Wang and
Coulter, 1996; Liu et al., 1999). drm, bowl, and lin encode
putative transcriptional regulators that are expressed in
the developing hindgut (Wang and Coulter, 1996; Hatini et
al., 2000; R. B. Green, K.A.J., X. J. Liu, and J.A.L., manu-
script in preparation). Here, by characterizing hindgut
length, circumference, cell size and shape, and cell number,
we show that drm, bowl, and lin all play major roles in
elongation of the hindgut by cell rearrangement. Further, by
both morphological criteria and examination of gene ex-
pression patterns, we find that drm, bowl, and lin are
required to pattern, or establish, the different subdomains
of the hindgut: small intestine, large intestine, and rectum.
Our results suggest an essential link between patterning of
the small intestine and large intestine subdomains and the
cell rearrangements necessary for the elongation of the
hindgut.
© 2001 Elsevier Science. AMATERIALS AND METHODS
Stocks
The following mutant alleles were used: bynapro (Murakami et
al., 1995), drm1 (Liu et al., 1999), drmP1 and drm3 (Green et al., ms.
in prep.), bowl1 and bowl2 (Wang and Coulter, 1996), lin2 and linG2
(Hatini et al., 2000), and Df(3L)H99 (a deletion of the apoptosis
genes reaper, grim, and head involution defective; White et al.,
1994).
Histology
In situ hybridization to whole-mount embryos was carried out as
described (Tautz and Pfeifle, 1989; Pignoni and Zipursky, 1997).
Digoxigenin-labeled DNA probes (Boehringer Mannheim) were
prepared by random priming from cDNA templates of bowl (Wang
and Coulter, 1996), byn (Kispert et al., 1994), dpp (Dubnicoff et al.,
1997), drm (Green et al., ms. in prep.), fkh (Weigel et al., 1989b), hh
(Lee et al., 1992), lin (Hatini, 2000), otp (Simeone et al., 1994), rpr
(White et al., 1994), Ser (Thomas et al., 1991), upd (Harrison et al.,
1998), and wg (Rijsewijk et al., 1987). Embryo antibody staining
was carried out according to standard protocols (Ashburner, 1989),
using the following antibodies: a-Con (Meadows et al., 1994),
a-Crumbs (Crb) (Tepass et al., 1990), a-Dri (Gregory et al., 1996),
a-phospho-Histone H3 (Upstate Biotechnology), and a-b-
galactosidase (Promega, Cappel). The a-En antibody, developed by
C. Goodman, was obtained from the Developmental Studies Hy-
bridoma Bank maintained by The University of Iowa, Department
of Biological Sciences (Iowa City, IA).
To determine the number of cells in the stage-16 embryonic
hindgut epithelium, we counted the total number of labeled nuclei
in the hindguts of a-b-galactosidase-stained wild-type, drmP1/drm3,
bowl1/bowl2, and lin2/linG2 embryos that were also carrying the
bynapro chromosome. This enhancer trap causes lacZ to be ex-
pressed in stage-16 embryos (under control of the brachyenteron
enhancer) in all nuclei of the hindgut epithelium and anal pads, but
not in nuclei of the hindgut visceral mesoderm (D.D.I. and J.A.L.,
unpublished observations). Stained embryos were mounted in epon
between two cover slips, and allowed to harden while compressed
by brass weights. Hindguts were observed by using a Zeiss Axio-
phot with a 633 objective and 2.0 Optovar connected to a Sony
digital camera (DKC-5000); nuclei of the hindgut epithelium (but
not anal pads) were counted by marking their position on a plastic
transparency taped to the monitor screen. The number of cells in
the wild-type hindgut determined by this method (see Table 2) is
somewhat less than previously reported (Harbecke and Janning,
1989); the most likely explanation is that the earlier number
included at least some cells of the hindgut visceral mesoderm,
which are difficult to distinguish from nuclei of the hindgut
epithelium in fuchsin-stained embryos (R. Harbecke, personal
communication).
Light microscope images were acquired and processed with
Adobe Photoshop software. Embryos were staged according to
Campos-Ortega and Hartenstein (1997). For analysis of hindgut
length, diameter, and volume, embryos were fixed in 2% glutaral-
dehyde and 1% osmium tetroxide in Na cacodylate buffer, embed-
ded in Epon, sectioned at 2 mm, stained with toluidine blue, and
examined by light microscopy. Images were acquired with a
Hamamatsu camera and measurements made by using Axiovision
software. Confocal microscopy was with a Carl Zeiss LSM 310;
images were acquired and processed by using Zeiss LSM Software.
ll rights reserved.
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Drosophila Hindgut Morphogenesis
Expression of lacZ driven by the brachyenteron (byn)
enhancer allows visualization of hindgut morphogenesis
during embryonic development. At stage 11, the invagi-
nated hindgut primordium is a short, thick, C-shaped tube
(Figs. 1A and 1E). During stages 11–16, a period of less than
10 h, the hindgut forms a threefold longer, thin, J-shaped
tube (Figs. 1B–1D, and 1F; Table 1). Transverse sections
show that this elongation is accompanied by a dramatic
reduction in the number of cells making up the hindgut
circumference. There are almost 50 cells in the circumfer-
ence of the stage-11 hindgut, compared to the 10–12 cells in
the circumference of the stage-16 large intestine, the nar-
rowest domain of the hindgut (Figs. 1G and 1I; Table 1).
FIG. 1. Development of the Drosophila embryonic hindgut. The n
bynapro enhancer trap line at stages 11 (A), 12 (B), 13 (C), and 16 (D
(E) and 16 (F); by stage 16, the hindgut has formed three morphologic
(RE). Transverse sections of stage-11 (G) and -16 (H, I) wild-type em
dotted outline in G); positions of the sections are indicated by lines
are larger than cells of the small intestine (white arrowheads).These numbers argue that, in the absence of significant cell
© 2001 Elsevier Science. Aproliferation or apoptosis (see below), the decrease in diam-
eter and increase in length of the hindgut must be brought
about by cell rearrangement. During elongation, the ini-
tially tall and columnar hindgut epithelial cells become
more cuboidal (Figs. 1G–1I); this shape change decreases the
thickness of the epithelium and increases the surface area
of the hindgut.
In stage-16 embryos stained with a-Crb, which labels the
apical surface of ectodermally derived epithelia including
that of the hindgut (Tepass et al., 1990), three distinct
domains—small intestine, large intestine, and rectum—
differentiate along the hindgut anteroposterior axis. These
three domains are morphologically distinct and are delim-
ited from each other by two rings of strong a-Crb staining
(Fig. 1F; Hoch and Pankratz, 1996). The middle region, the
large intestine, has the smallest diameter and the fewest
i of the hindgut epithelium are labeled by anti-b-gal staining of the
bryos stained with anti-Crb are shown in dorsal view at stages 11
distinct regions: small intestine (SI), large intestine (LI), and rectum
show the beginning and the end of elongation of the hindgut (HG,
and (F). As seen in (H), cells of the large intestine (black arrowhead)ucle
). Em
ally
bryos
in (E)cells in its circumference. Cells of the large intestine are
ll rights reserved.
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than cells of the small intestine and rectum (Fig. 1H;
Campos-Ortega and Hartenstein, 1997). This is due to the
fact that large intestine (but not small intestine or rectum)
cells undergo a 1.7-fold endoreplication of their DNA
(Smith and Orr-Weaver, 1991; Fuss et al., 2001). When this
endoreplication is inhibited by genetic manipulation, the
large intestine is shorter than normal, indicating that in-
crease in cell size contributes to its elongation (Fuss et al.,
2001; Takashima and Murakami, 2001). The posteriorly
looping small intestine has a larger diameter and its cells
FIG. 2. Cell division and apoptosis are not required for poststage-1
histone H3 to identify cells entering mitosis; there is an artifactua
postblastoderm mitosis occurs throughout the hindgut during early
(D), while there is extensive labeling in the Malpighian tubules (
Malpighian tubules, are labeled (arrowheads). Stage 10, 11, 12, and
respectively; labeling in the posterior gut is primarily in the develo
labeling at stage 10 in the anterior hindgut (E, arrowhead). Stain
TABLE 1
Hindgut Length and Circumference Differ between Wild-Type and
Genotype
Hindgut length (mm)
11 13
Wild-type 81 6 6 142 6 13
drmP1 ND ND
bowl1 ND ND
lin2 ND ND
Note. Hindgut lengths were measured in 20–25 embryos for e
measured from a lateral view, while in stages 13 and 16, lengths w
counted in serial transverse sections (6 for stage 11, and 20 for each
wild type, and of the middle portion of the hindgut for the mutan
Stage:morphology in mature wild-type (I) and Df(3L)H99 embryos (J).
© 2001 Elsevier Science. Aare smaller and more cuboidal than those of the large
intestine (Figs. 1F, 1H, and 1I; Tepass and Hartenstein,
1994), indicating that the columnar-to-cuboidal cell shape
change is more dramatic in the small than the large intes-
tine.
Role of Cell Proliferation and Apoptosis
We investigated whether cell proliferation or apoptosis
might play a significant role in the hindgut morphogenesis
(primarily elongation) that takes place after stage 10. Stain-
dgut morphogenesis. Embryos were stained with a-phosphorylated
eling of the hindgut apical surface with this antibody. The second
e 10 (A, arrowheads); subsequently, in stages 11 (B), 12 (C), and 13
s), only a few hindgut cells, at the junction with the developing
bryos hybridized with rpr probe are shown in (E), (F), (G), and (H),
Malpighian tubules (arrows), although there is a small amount of
ith a-Crb shows that the hindgut is similar in size and overall
tants
Cells in circumference
16 11 16
231 6 23 48 6 2 12 6 1
99 6 14 ND 29 6 2
99 6 12 ND 23 6 4
124 6 13 ND 38 6 10
genotype, using Axiovision software. For stage 11, lengths were
easured from a dorsal view. Cells in hindgut circumference were
otype at stage 16); sections of the large intestine were counted for0 hin
l lab
stag
arrow
13 em
ping
ing wMu
ach
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615Hindgut Patterning and Morphogenesising with a-phosphorylated histone H3 antibody, which
labels cells entering mitosis (Wei et al., 1999), confirms the
occurrence of the second postblastoderm mitosis during
FIG. 3. drm, bowl, and lin are required for hindgut morphogen
dorsolaterally by confocal microscopy (A–D) and in transverse secti
with a-Crb prior to sectioning. Genotypes are: wild type (A, F), drm
referred to as border cells by Takashima and Murakami, 2001), lab
(SI) and large intestine (LI) and between LI and rectum (RE), and as
tubules (MT) connect to the anterior portion of the small intestine, j
distinct regions are indicated in (E). The boundary cell rows are d
lin (D).early stage 10 reported by Campos-Ortega and Hartenstein
© 2001 Elsevier Science. A(1997) (Fig. 2A). While additional postblastoderm mitoses
occur throughout the developing Malpighian tubules, only
a few cells in the most anterior part of the hindgut (closest
Whole-mount stage-16 embryos stained with a-Crb are viewed
light microscopy (F–I); the embryos in (F) and (G) were not stained
G), bowl (C, H), and lin (D, I). At stage 16, the boundary cells (BC,
trongly with a-Crb, are seen as two rings between small intestine
rows running the length of LI (white arrowheads); the Malpighian
osterior to its junction with the midgut (A). These morphologically
ated in drm and bowl (B, C, white arrowheads) and missing fromesis.
on by
(B,
eled s
two
ust p
uplicto the tubules) undergo mitosis during stages 11–13; thus,
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hindgut (Figs. 2B–2D; Campos-Ortega and Hartenstein,
1997; Harbecke and Janning, 1989). The dramatic elonga-
tion of the large intestine after stage 10 must therefore
occur without a significant contribution of cell division.
We examined expression of reaper (rpr) in the embryonic
hindgut, as this gene is expressed in cells about to undergo
apoptosis (White et al., 1994; Singer et al., 1996). During
stages 10–13, most rpr expression in the posterior gut is in
the developing Malpighian tubules; however, there is some
rpr expression during stage 10 in the region of the hindgut
immediately adjacent to the tubules (Figs. 2E–2H). The
functional significance of this expression was determined
by examining Df(3L)H99 embryos, in which apoptosis does
not occur (White et al., 1994); in such embryos, the hindgut
appears normal (Fig. 2J), indicating that apoptosis does not
play a role in determining the size or morphology of the
embryonic hindgut.
The above data reveal that neither apoptosis nor
poststage-10 cell proliferation is a major contributor to
embryonic hindgut elongation. At the cellular level, the
morphological changes in the embryonic hindgut after stage
10 must be brought about by three processes: an increase in
cell size in the large intestine (which increases its length), a
change in cell shape from columnar to cuboidal (which
increases the overall area of the hindgut epithelium, par-
ticularly that of the small intestine), and cell rearrangement
(which causes elongation of the hindgut).
drm, bowl, and lin Are Required for Hindgut
Morphogenesis
To gain insight into the control of cell shape and cell
rearrangement during hindgut morphogenesis, we investi-
gated the phenotypes of drm, bowl, and lin mutants, which
have abnormal hindgut morphology (Figs. 3A–3D; Harbecke
and Lengyel, 1995; Wang and Coulter, 1996; Liu et al.,
1999). At stage 16, the length of the drm, bowl, or lin
stage-16 hindgut is roughly half that of the wild-type
hindgut (Table 1). Transverse sections reveal that hindguts
of all three mutants have larger lumens and two to three
times more cells in their circumference than those of wild
type (Figs. 3F–3I, Table 1). These observations suggest that,
in all three mutants, there may be a defect in the cell
rearrangement that narrows and elongates the hindgut.
While drm, bowl, and lin hindguts are all shorter and
wider, they display substantial differences in overall shape,
cell morphology, and gene expression patterns. The lin
hindgut appears distended, or bloated, while drm and bowl
hindguts are club-shaped and smaller in both length and
diameter (Figs. 3A–3D; Table 1). In the lin hindgut, the two
parallel, strongly a-Crb-labeled cell rows (which we refer to
as “boundary cells”) that run the length of the large intes-
tine are missing; in drm and bowl hindguts, the rows of
boundary cells are duplicated (Figs. 3A–3D). In cross sec-
tion, the constituent cells of the lin hindgut epithelium are
small and cuboidal, similar in appearance to the small
© 2001 Elsevier Science. Acuboidal cells of the wild-type small intestine (Figs. 1H and
3I). In contrast, drm and bowl hindgut epithelial cells are
taller and narrower than their wild-type counterparts, re-
sembling more the cells of the stage-11 wild-type hindgut
primordium than those of the mature, elongated wild-type
hindgut (Figs. 1G, and 3F–3H). Finally, analysis of cross
sections reveals that the lin hindgut has a larger than
normal number of cells in its circumference and a larger
lumen than either the drm or bowl hindgut (Figs. 3F–3I;
Table 1).
In overview, while the drm, bowl, and lin hindguts are all
shorter and wider than those of wild type, there are different
defects in hindgut patterning in the lin as compared to the
drm and bowl mutants. The loss of boundary cell rows, and
the small intestine-like cell morphology throughout the
hindgut, suggest that in lin mutants the small intestine is
expanded and the large intestine is missing. In contrast, the
presence of (duplicated) boundary cell rows indicates that
large intestine is present in drm and bowl mutants. In a
subsequent section, by characterizing gene expression pat-
terns, we examine the hypothesis that there are different
hindgut patterning defects in lin as compared to drm and
bowl mutants.
Cell Division, Apoptosis, and Visceral Mesoderm
Appear Normal in drm, bowl, and lin Mutants
We investigated whether cell proliferation and/or apoptosis
might contribute to the shorter and wider appearance of the
drm, bowl, and lin hindguts. By stage 13 of embryogenesis,
hindgut morphology is already distinctly abnormal in these
mutants (Figs. 4A–4D). Labeling with a-phosphorylated
histone H3 or with rpr probe, prior to and at stage 13, did
not reveal significant differences between drm, bowl, and
lin mutants and wild-type embryos (Figs. 4E–4L and data
not shown). These results suggest that the increased num-
ber of cells in the circumference of drm, bowl, and lin
hindguts is not due to differences in cell proliferation or
apoptosis between mutant and wild type.
Determination of total cell number in the hindgut epi-
thelium of wild-type and mutants supports this conclusion
(Table 2). From counts of six wild-type hindguts at stage 16,
we found that there are approximately 700 cells in the
hindgut epithelium at this stage (Table 2). The hindguts of
drm and bowl mutants have somewhat fewer cells (roughly
600), while those of lin mutants have somewhat more cells
(roughly 800). Nevertheless, the number of cells in the
hindgut epithelium of drm, bowl, and lin mutants is within
20% of the wild-type number. The two- to threefold greater
number of cells in the circumference of stage 16 drm, bowl,
and lin hindguts is therefore not due to the presence of two-
to threefold more cells. Rather, drm, bowl, and lin hindguts
have a roughly normal number of cells, but these cells fail
to complete the rearrangement that drives elongation and
narrowing of the hindgut.
In vertebrates, interaction between epithelium and the
surrounding visceral mesoderm has long been known to
ll rights reserved.
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mal organs (reviewed by Roberts, 2000). As it begins to
surround the hindgut epithelium at stage 10 (San Martin
and Bate, 2001), the Drosophila hindgut visceral mesoderm
could be a target, or a mediator, of drm, bowl, and/or lin
activity. Using a-Connectin antibody to label the visceral
mesoderm, we found that the hindgut epithelium in drm,
FIG. 4. Cell proliferation and apoptosis appear normal in drm,
dorsolaterally or laterally, after staining with a-Crb (A–D), a-phosp
(I–L).
TABLE 2
Cell Number in Hindgut Epithelium of Wild-Type,
drm, bowl, and lin Embryos
Wild-type drm bowl lin
Cell counts 685 636 574 818
679 604 558 789
691 676 526 773
630
737
731
Mean 6 SSD 692 6 39 639 6 36 553 6 24 793 6 23Note. Total number of cells in the hindgut epithelium was
determined as described in Materials and Methods.
© 2001 Elsevier Science. Abowl, and lin mutants is surrounded by visceral mesoderm
in a manner similar to that seen for wild type (Figs. 5A–5D).
The presence of an apparently normal complement of
hindgut visceral mesoderm in drm, bowl, and lin mutants
indicates that the defect in hindgut epithelial morphogen-
esis in the mutants does not result from a lack of the
surrounding visceral mesoderm; further, it reveals that
drm, bowl, and lin are not required to establish or maintain
the hindgut visceral mesoderm.
drm, bowl, and lin Are Required for Spatially
Localized Gene Expression in the Hindgut
Characterization of mutant hindgut phenotypes (above)
suggests the hypothesis that in lin mutants the small
intestine is expanded (at the expense of the large intestine),
while in drm and bowl mutants the small intestine is
reduced or absent and the large intestine is present. A role
in gene regulation and hindgut patterning is consistent with
evidence that drm, bowl, and lin all encode putative tran-
scriptional regulators that are expressed in the hindgut
epithelium (Wang and Coulter, 1996; Hart et al., 1996;
Hatini et al., 2000; Green et al., ms. in prep.). We therefore
l, and lin hindguts. Whole-mount stage-13 embryos are viewed
ated histone H3 (E–H), or after in situ hybridization with rpr probebow
horylasked whether they might regulate genes known to be
ll rights reserved.
618 Iwaki et al.FIG. 5. drm, bowl, and lin do not affect uniform hindgut expression of Connectin, byn, and fkh, but do affect patterned expression of otp.
The hindgut epithelium in a wild-type embryo at stage 13 is surrounded by visceral mesoderm, as shown by staining with a-Con (A). In
stage-13 drm (B), bowl (C), and lin (D) embryos, the hindgut epithelium is similarly surrounded by a-Con-stained visceral mesoderm. byn
expression, which is initiated in the hindgut primordium at the blastoderm stage, is seen in a wild-type embryo at stage 13; by this stage,
expression in the rectum (RE, white arrowhead) is reduced (E). This expression pattern is maintained in drm (F), bowl (G), and lin (H)
embryos. Similarly, fkh expression, which is initiated in the hindgut primordium at the blastoderm stage, is seen in a wild-type embryo at
stage 13 (I); this expression pattern is maintained in drm (J), bowl (K), and lin (L) embryos. otp expression is initiated in the hindgut
primordium at stage 7 (gastrulation); this expression continues throughout the hindgut, but by stage 13 is eliminated from the small
intestine (SI, white arrowhead), so that only the large intestine and rectum are labeled (M). At stage 13, otp expression is seen throughout
the drm (N) and bowl (O) hindguts, but is not detected in the lin hindgut (P). byn, fkh, and otp expression were assessed by in situ
hybridization. Wild-type and mutant expression patterns of otp are summarized in (Q).
© 2001 Elsevier Science. All rights reserved.
619Hindgut Patterning and Morphogenesisexpressed in the hindgut. In overview, drm, bowl, and lin do
not affect gene expression that is initiated early and main-
tained throughout the hindgut, but do affect later gene
expression that is localized to specific hindgut subdomains.
Genes expressed throughout the hindgut. brachy-
enteron (byn), which encodes the Drosophila ortholog of
the vertebrate T-domain transcription factor Brachyury, is
expressed throughout the hindgut primordium starting at
the blastoderm stage; this expression is maintained in the
hindgut (although reduced in the rectum) during embryo-
genesis (Kispert et al., 1994; Singer et al., 1996; Fig. 5E).
Similarly, fork head (fkh), which encodes the Drosophila
homolog of the vertebrate HNF-3 winged helix transcrip-
tion factors, is expressed in the hindgut primordium start-
ing at the blastoderm stage; fkh expression is also main-
tained throughout the hindgut (although reduced in the
rectum) during embryogenesis (Weigel et al., 1989a; Fig. 5I).
orthopedia (otp), which encodes a homeodomain transcrip-
tion factor, is also initially expressed throughout the hind-
gut primordium (Simeone et al., 1994; Singer et al., 1996).
By stage 13, otp expression has disappeared from the small
intestine, but is maintained in the large intestine (Fig. 5M),
thereby providing a marker that distinguishes between
small and large intestine.
Expression of both byn and fkh is maintained normally
throughout the hindgut in drm, bowl, and lin mutants (Figs.
5E–5L), indicating that neither byn nor fkh is a downstream
target of drm, bowl, or lin. Expression of otp is initiated
normally (at stage 7, data not shown) in drm, bowl, and lin
mutants, but is expressed differently in these mutants at
later stages. In stage-13 to -16 drm and bowl mutants, otp
expression is seen throughout the hindgut, i.e., there is no
unlabeled domain at the anterior (Figs. 5N and 5O). In
contrast, in lin mutants, there is no expression of otp in the
hindgut after stage 11 (Fig. 5P). These results (summarized
in Fig. 5Q) are consistent with the hypothesis that, in drm
and bowl mutants, commitment of cells to the small
intestine fate is defective, while in lin mutants the small
intestine fate is expanded at the expense of the large
intestine. Additional evidence, provided below, supports
this notion.
Genes expressed in the small intestine. We have found
that the cell signaling gene unpaired (upd), which encodes a
putative ligand for the JAK/STAT pathway (Harrison et al.,
1998), is a useful marker for commitment to the small
intestine fate. At stage 10, upd expression is seen at the
anterior of the developing hindgut (not shown); by stage 13,
upd is expressed throughout the small intestine, but no-
where else in the hindgut (Fig. 6A). hedgehog (hh), wingless
(wg), and Serrate (Ser) also encode cell signaling molecules
and are expressed in subdomains of the small intestine and
the rectum (Hoch and Pankratz, 1996; Takashima and
Murakami, 2001). hh is expressed in the hindgut in two
wide rings: one posterior to the Malpighian tubule evagina-
tions, and one in the anterior of the rectum (Fig. 6E). wg is
expressed in narrow rings at the extreme ends of the
hindgut: one between the Malpighian tubule evaginations
© 2001 Elsevier Science. Aand the junction with the midgut, and one in cells that will
give rise to the anus (Fig. 6I). Ser is expressed in three rings:
one overlapping with hh and upd expression in the small
intestine, and two in the rectum, overlapping with the
anterior hh expression and the posterior wg expression (Fig.
6M).
The effect of mutations in drm and bowl on expression of
upd, hh, and wg in the small intestine is consistent with the
idea that commitment of cells to the small intestine fate
requires drm and bowl. Thus, the upd and hh expression
domains characteristic of the small intestine are missing
from drm and bowl hindguts; similarly, the wg expression
characteristic of the most anterior portion of the small
intestine is missing from drm mutants (Figs. 6B, 6C, 6F, 6G,
and 6J).
The effect of the lin mutation on expression of upd, hh,
and Ser is consistent with the idea that lin represses small
intestine fate. Thus, in the absence of lin activity, expres-
sion of upd, hh, and Ser expands throughout the hindgut
(except for the region of the rectum) (Figs. 6D, 6H, and 6P).
The presence of the anterior ring of wg expression in bowl
and lin hindguts (Figs. 6K and 6L) suggests that patterning
of the most anterior region of the hindgut requires drm, but
is not affected by bowl or lin. While the patterns of
expression of multiple markers are similar, the fact that Ser
expression is expanded in drm but reduced in bowl mutants
demonstrates that drm and bowl play distinct roles in the
hindgut (Figs. 6N and 6O).
Genes expressed in the large intestine. Both embryonic
gene expression patterns and later differentiated cell mor-
phologies subdivide the large intestine into three dorsoven-
tral domains that run the length of its anteroposterior axis
(Murakami et al., 1994; Singer et al., 1996; Hoch and
Pankratz, 1996; Takashima and Murakami, 2001; Mu-
rakami and Shiotsuki, 2001). During stage 10, En is ex-
pressed on the prospective dorsal and dpp primarily on the
prospective ventral side of the large intestine; these regions
are designated large intestine–dorsal (li-d) and large
intestine–ventral (li-v) (Murakami et al., 1999; Takashima
and Murakami, 2001). By stage 13, as a result of left–right
looping of the hindgut, the En-expressing domain (li-d) lies
along the outer curve of the large intestine (Fig. 7E), while
the dpp-expressing domain (li-v) lies along the inner curve
(Fig. 7A). Between the li-d and li-v domains, running the
length of the large intestine, are the previously described
a-Crb-labeled boundary cell rows, which also express the
putative transcription factor Dead ringer (Dri) (Figs. 3A and
7I; Gregory et al., 1996; Shandala et al., 1999).
Expression of dpp, En, and Dri in the drm, bowl, and lin
hindguts is consistent with the idea that the large intestine
is present in drm and bowl mutants, but missing from lin
mutants. Thus, dpp and En are both expressed in drm and
bowl, but not lin hindguts (Figs. 7B–7D, and 7F–7H). Simi-
larly, consistent with the observations made on a-Crb-
labeled embryos (Figs. 3B–3D), staining with a-Dri shows
that the boundary cell rows are duplicated in drm and bowl
mutants, but missing from lin mutants (Figs. 7J–7L).
ll rights reserved.
620 Iwaki et al.FIG. 6. Role of drm, bowl, and lin in patterning of the small intestine and rectum. Expression in the stage-13 wild-type embryo of the cell
signaling genes upd, hh, wg, and Ser was detected by in situ hybridization. Expression of upd is observed throughout the small intestine
but not in the rectum (A), hh in most of the small intestine and rectum (E), wg in two cell rings at the extreme ends of the hindgut (I), and
Ser in most of the small intestine and in two rings in the rectum (M). upd is not expressed in the small intestine of the drm or bowl hindgut
(B, C), but is expressed throughout most of the lin hindgut (D). Similarly, hh is not expressed in the small intestine of the drm or bowl
hindgut (F, G), but is expressed throughout most of the lin hindgut (H). wg is not expressed at the anterior of the drm hindgut (J), but is
expressed normally in the bowl and lin hindgut (K, L). Ser expression is expanded in the drm and lin hindgut (N, P), but reduced at the
anterior of the bowl hindgut (O). Expression domains are indicated with arrowheads as follows: black, normal; gray, expanded; white,
missing. Wild-type and mutant expression patterns of genes normally expressed in the small intestine and rectum are summarized in (Q);
expanded expression domains are indicated by arrows.
© 2001 Elsevier Science. All rights reserved.
sing
621Hindgut Patterning and MorphogenesisGenes expressed in the rectum. The hh, wg, and Ser
expression characteristic of the rectum appears normal
in drm and bowl mutants (Figs. 6F, 6G, 6J, 6K, 6N, and
6O), indicating that commitment of cells to rectum fate
is probably not affected by drm and bowl. In contrast,
the absence of the most posterior rings of hh, wg, and
FIG. 7. Role of drm, bowl, and lin in patterning of the large intes
and Dri by antibody staining; embryos are stage 13/14. In wild typ
(li-v) (A), and En in the outer curve (li-d) (E). These domains are sep
Dri is also expressed, at a lower level, in all cells of the small inte
rectum) in both drm and bowl (B, C), but not in lin mutants (D). Sim
in drm and bowl (F, G), but not in lin mutants (H). Dri is expressed
(J, K). There are no rows of cells strongly expressing Dri in the lin
reminiscent of its expression in the wild-type small intestine (L)
summarized in (M); “11” indicates duplicated rows of Dri-expresSer expression from the lin hindgut (Figs. 6H, 6L,
© 2001 Elsevier Science. Aand 6P) suggests that much of the rectum fate is missing
from lin.
Conclusions. The gene expression results described in
this section (summarized in Figs. 5Q, 6Q, and 7M), taken
together with the morphological phenotypes described ear-
lier, demonstrate that drm, bowl, and lin are required for
Expression of dpp was detected by in situ hybridization, and of En
p is expressed in the cells of the inner curve of the large intestine
d by the boundary cells, which strongly express Dri (arrowheads);
(arrow). dpp is expressed throughout most of the hindgut (except
ly, en is expressed throughout most of the hindgut (except rectum)
plicated rows of boundary cells in both the drm and bowl hindgut
ut; rather, Dri is expressed at a low level throughout the hindgut,
d type and mutant expression patterns in the large intestine are
cells.tine.
e, dp
arate
stine
ilar
in du
hindg
. Wilpatterning of the hindgut. lin is required to establish large
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622 Iwaki et al.intestine and at least some rectum, and represses small
intestine fate. In contrast, drm and bowl are not required for
large intestine or rectum fate, but are required to establish
the small intestine.
drm, bowl, and lin Are Expressed in the Hindgut
drm, bowl, and lin are each expressed in the hindgut, but
in distinctly different patterns. The expression of drm is
very spatially restricted; at stage 10, drm mRNA is strongly
expressed in a wide ring of cells at the junction of the
hindgut and the posterior midgut (Fig. 8A). bowl is ex-
pressed early in a cap covering the posterior 15% of the
blastoderm embryo (Wang and Coulter, 1996); by stage 10,
bowl is expressed throughout much of the hindgut (Fig. 8B).
lin is expressed globally in the embryo (Hatini et al., 2000);
during stage 10, it is expressed throughout the embryo,
including the hindgut and posterior midgut (Fig. 8C). These
expression patterns of drm, bowl, and lin are thus consis-
tent with their demonstrated role regulating gene expres-
sion in the hindgut epithelium.
DISCUSSION
In a period of only 10 h, the Drosophila hindgut under-
FIG. 8. Expression of drm, bowl, and lin in the developing
hindgut. At stage 10, drm is expressed in a wide ring at the junction
of the hindgut and posterior midgut (A, arrow), bowl throughout
most of the hindgut (B, arrow), and lin throughout the hindgut and
posterior midgut (C). drm, bowl, and lin mRNAs were detected by
in situ hybridization.goes a dramatic elongation, independent of cell prolifera-
© 2001 Elsevier Science. Ation or apoptosis. This elongation must therefore occur by
changes in cell size and shape, and by cell rearrangement.
As it elongates, the hindgut forms three morphologically
distinct regions (small intestine, large intestine, and rec-
tum), and various cell signaling and transcription factor
encoding genes are expressed in patterns that correspond to,
or further subdivide these regions. We show that the genes
drm, bowl, and lin are required for both patterning and
morphogenesis of the hindgut, revealing a close and possi-
bly causal relationship between these processes.
The Drosophila Hindgut Elongates and Narrows
by Cell Rearrangement
Focusing on hindgut elongation that occurs after stage 10,
we find that neither apoptosis nor cell proliferation contrib-
ute significantly to the process. Thus, hindgut morphogen-
esis occurs normally in the apoptosis-deficient DfH99 mu-
tant, and the only cell proliferation occurring in the hindgut
after stage 10 is in a small domain at the anterior of the
small intestine. The morphogenesis of the hindgut after
stage 10, in particular its elongation and narrowing, must
therefore be driven by changes in cell size, shape, and
rearrangement.
After the cessation of the postblastoderm mitoses, an
endoreplication cycle increases the size of the cells of the
large intestine (but not small intestine or rectum) (Smith
and Orr-Weaver, 1991; Day and Lawrence, 2000). Inhibition
of this endoreplication by different genetic manipulations
results in a shorter large intestine with a smaller cell size,
but roughly normal diameter (Fuss et al., 2001; Takashima
and Murakami, 2001). Endoreplication thus appears to be
required to bring the large intestine to its full length, but
not to play a critical role in reducing hindgut diameter. We
have shown that there is a change in cell shape, from
columnar to cuboidal, as the hindgut elongates; such a
change increases epithelial surface area and thus could
contribute to hindgut elongation, but not to a reduction in
its diameter.
The threefold elongation of the hindgut is accompanied
by a three- to fourfold reduction of circumferential cell
number, but not by appreciable cell proliferation or apopto-
sis. The major process driving this stereotypic elongation
and narrowing must therefore be cell rearrangement. Elon-
gation by cell rearrangement is a morphogenetic process of
broad significance: it has been shown to drive gastrulation
and embryonic axis elongation, and elongation of various
tissues, throughout the bilateria (Keller et al., 1985; Wessel
and Wikramanayake, 1999). To date, few molecules re-
quired for this process have been identified. Elongation by
cell rearrangement of the Drosophila germband, ovarian
terminal filaments, and stigmatophore requires the Even-
skipped homeodomain, Bric a` brac BTB, and Grain GATA
proteins, respectively, while that of the C. elegans dorsal
epidermis requires the DIE-1 zinc finger protein (Irvine and
Wieschaus, 1994; Godt and Laski, 1995; Hu and Castelli-
Gair, 1999; Heid et al., 2001). The genetic pathways in
ll rights reserved.
623Hindgut Patterning and Morphogenesiswhich these presumed transcriptional regulators function
have not yet been determined. Only the Xenopus Brachyury
transcription factor has been shown to affect cell rearrange-
ment by controlling expression of a specific target, Wnt11,
which acts via the planar cell polarity pathway to orient cell
intercalation (Tada and Smith, 2000). A fuller understand-
ing of the molecular basis of oriented cell rearrangement
clearly depends on the identification of additional required
genes and genetic pathways.
drm, bowl, and lin Are Required for Cell
Rearrangement in the Hindgut
As the hindguts of their mutant embryos are shorter and
wider than normal, we identified drm, bowl, and lin as
possible regulators of the cell rearrangement that drives
hindgut elongation. Analysis of hindgut morphology and
gene expression patterns in mutants indicates that drm,
bowl, and lin function in hindgut development after the
primordium has already been established and internalized
by gastrulation. No massive apoptosis in the hindgut (as
seen in fkh, cad, and byn; Weigel et al., 1989a; Singer et al.,
1996; Wu and Lengyel, 1998) is observed in drm, bowl, or
lin hindguts. The number of cells in the hindgut epithelium
of drm, bowl, or lin mutants is within 20% of wild type,
demonstrating that cell proliferation is roughly normal in
these mutants. The byn and fkh genes are expressed nor-
mally throughout drm, bowl, and lin hindguts, and otp is
expressed throughout drm and bowl hindguts. The hindgut
visceral mesoderm, on the basis of its expression of Con-
nectin, appears to be established normally in drm, bowl,
and lin mutants. Taken together, these results indicate that
early events in hindgut development, namely the establish-
ment and maintenance of the primordium (including initia-
tion of gene activity, and cell proliferation throughout the
primordium), its internalization during gastrulation, and its
investment with visceral mesoderm, all occur more or less
normally in drm, bowl, and lin mutants. The shorter
overall length, and the two- to threefold greater circumfer-
ential cell number seen in drm, bowl, and lin hindguts,
must therefore be a result of a failure to complete the cell
rearrangement that elongates and narrows the wild-type
hindgut.
Role of drm, bowl, and lin as Regulators of
Hindgut Patterning
Patterning of the Drosophila hindgut serves as a micro-
cosm of the complex anteroposterior and dorsoventral pat-
terning that takes place during vertebrate gut development
(reviewed by Roberts, 2000). In the Drosophila hindgut,
patterning along the anteroposterior axis gives rise to the
small intestine, large intestine, and rectum; patterning
along the dorsoventral axis gives rise to the li-v and li-d
domains, and the boundary cells. Previous studies described
gene expression patterns in the different domains of the
developing Drosophila hindgut (as well as the requirement
© 2001 Elsevier Science. Aof fkh for these expression patterns), but did not identify
any genetic activity that distinguished among or specified
the different domains (Hoch and Pankratz, 1996; Castelli-
Gair, 1998; Sanchez-Soriano and Russell, 2000; Takashima
and Murakami, 2001).
We have shown here that drm, bowl, and lin are required
for the gene expression patterns that distinguish these three
domains: lin is required for expression characteristic of
large intestine (dpp, dri, and en) and rectum (Ser, hh, and
wg); drm and bowl are required for expression characteristic
of small intestine (hh and upd). By both morphological
criteria (cell shape, presence or absence of boundary cells)
and gene expression patterns (expanded expression of genes
expressed in the small intestine), lin hindguts appear to
consist of a greatly expanded small intestine and to lack the
large intestine and rectum. In contrast, both morphological
and gene expression characteristics of drm and bowl hind-
guts indicate that they lack most or all of the small
intestine, and consist only of large intestine (which remains
unelongated) and rectum. A model consistent with these
data is that lin functions in the hindgut to repress small
intestine fate and to promote large intestine and rectum
fate, while establishment of the small intestine requires the
activity of drm and bowl (Fig. 9). The requirement for drm
(but not bowl) for wg expression at the most anterior of the
hindgut could be explained if the domain of bowl function
in the small intestine does not extend to the most anterior
of the hindgut (consistent with the expression of bowl
shown in Fig. 8B). Since they have opposite effects on Ser
expression, bowl and drm may function in different ways,
possibly in different pathways, to promote small intestine
fate.
The function of lin as both an activator and repressor of
gene activity in the developing hindgut is consistent with
molecular and genetic characterization of its function in
other embryonic tissues. In the developing dorsal epider-
mis, lin is required for transcriptional regulation (both
activation and repression) of targets downstream of wg
FIG. 9. Role of drm, bowl, and lin in hindgut patterning. Three
morphologically distinct domains, small intestine, large intestine,
and rectum, are established during hindgut elongation and narrow-
ing. Genes expressed within these domains (as characterized in
Figs. 6 and 7) are indicated. The proposed roles of drm, bowl, and
lin in establishing these domains are indicated.signaling (Hatini et al., 2000). In the developing posterior
ll rights reserved.
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transcriptional targets (Castelli-Gair, 1998). lin encodes a
novel protein that is expressed globally throughout the
embryo, including the developing hindgut (Fig. 8C). When
ectopically expressed, Lin protein is detected in nuclei of
cells signaled by Wg (Hatini et al., 2000). The early expres-
sion of wg throughout the hindgut primordium, starting at
the blastoderm stage and continuing to stage 10 (Wu and
Lengyel, 1998; Hoch and Pankratz, 1996), might, analogous
to its effect in the dorsal epidermis, activate Lin. This might
be required for Lin to carry out its function, demonstrated
here, of promoting expression of genes characteristic of
large intestine identity (otp, dpp, en, and dri), and repressing
expression of genes characteristic of small intestine iden-
tity (hh, upd, and Ser).
We have shown by genetic analysis that bowl and drm
function to establish the small intestine. bowl encodes a
zinc finger protein related to Odd-skipped and is expressed
strongly in the hindgut primordium starting at the blasto-
derm stage and continuing through stage 11 (Fig. 8B).
Although the Bowl protein has not been shown to be
nuclear or to bind DNA, the fact that it encodes five tandem
zinc fingers suggests that it is a transcription factor (Wang
and Coulter, 1996; Hart et al., 1996). Thus, Bowl might
function in the hindgut as an activator or coactivator of
transcription of genes characteristic of small intestine fate.
Finally, drm encodes a zinc finger protein related to Bowl
and Odd-skipped and is expressed during stage 10 in the
anterior of the developing hindgut, consistent with its
required role in establishing the small intestine (Fig. 8A;
Green et al., ms. in prep.). As we have shown here, drm, like
bowl, is required for gene expression characteristic of small
intestine fate. The Drm protein may, like Bowl, function as
a transcriptional regulator in the small intestine primor-
dium (Fig. 9).
Relationship between Hindgut Patterning and Cell
Rearrangement
We have shown that drm, bowl, and lin are required for
both patterning and cell rearrangement of the hindgut. At
least one other putative transcriptional regulator expressed
in the hindgut has similar properties: Dichaete encodes a
Sox protein required for en, hh, and dpp expression in and
elongation of the hindgut (Sanchez-Soriano and Russell,
2000). The question therefore arises whether any of the
genes expressed in different hindgut domains are mediators
of the required role of drm, bowl, lin, or D in hindgut
morphogenesis.
The phenotypes described for wg, hh, dpp, dri, Ser, and en
do not suggest a role for these genes in hindgut elongation
by cell rearrangement. Mutations in Ser, dri, and en do not
appear to affect overall hindgut morphology (Thomas et al.,
1991; Shandala et al., 1999; Takashima and Murakami,
2001). The hindgut in wg mutants is extremely small,
suggesting that the critical function of wg in hindgut
development is in establishing and maintaining the primor-
© 2001 Elsevier Science. Adium, but not in elongation (Skaer and Martinez-Arias,
1992; Harbecke and Lengyel, 1995; Wu and Lengyel, 1998).
dpp hindguts are shorter, consistent with the role of dpp in
endoreplication in the large intestine; nevertheless, dpp
hindguts have a roughly normal diameter (Takashima and
Murakami, 2001). In hh embryos, the rectum degenerates
and hindgut length is reduced, but the overall morphology,
particularly the narrowing of the large intestine, appears
normal (Hoch and Pankratz, 1996; Takashima and Mu-
rakami, 2001).
Only in upd embryos is a defect in both elongation and
narrowing of the hindgut observed; significantly, upd is
expressed only in the small intestine, the same domain that
is largely missing from drm and bowl mutants. Shorter and
wider hindguts are seen in younger upd embryos, but the
majority of hindguts in mature upd embryos appear normal
(K.A.J. and J.A.L., unpublished results). Thus, while upd
may at least partially mediate drm and bowl function in the
hindgut, there must be other targets of these genes that are
required for cell rearrangement in the hindgut.
We conclude that, if correct patterning of the hindgut is a
prerequisite for its elongation by cell rearrangement, either
we have not identified all of the targets of drm, bowl, and
lin that are the essential components of the necessary
patterning, or the genes presently identified have overlap-
ping or redundant function.
Consistent with the idea that cell rearrangement in the
Drosophila hindgut requires its correct patterning, conver-
gent extension during vertebrate gastrulation has been
shown to depend on patterning of cell fates along the
dorsoventral axis of the embryo (reviewed by Sepich et al.,
2000). It is, of course, possible that hindgut patterning and
cell rearrangement, although closely associated both tem-
porally and in the drm, bowl, and lin mutant phenotypes,
do not have a necessary relationship to each other. A
number of genes are known that, without affecting pattern-
ing, control cell rearrangement by directly affecting mor-
phogenetic movements. This is a property of the Drosoph-
ila GATA transcription factor-encoding grain in
stigmatophore elongation and of the zebrafish trilobite
locus in body axis elongation (Brown and Castelli-Gair
Hombria, 2000; Sepich et al., 2000). Thus, drm, bowl, lin,
and D, in addition to patterning the hindgut, might be
regulating other genes that independently control cell rear-
rangement.
Nonetheless, the relationship between patterning of both
small intestine and large intestine, on the one hand, and
cell rearrangement, on the other hand, is striking. drm and
bowl hindguts have a substantial cohort of large intestine
cells, yet fail to complete cell rearrangement, presumably
due to absence of the small intestine. lin hindguts have an
excess of small intestine cells and also fail to complete cell
rearrangement, presumably due to absence of the large
intestine. The connection between hindgut patterning and
cell rearrangement that we have observed in drm, bowl, and
lin mutants supports the idea that interaction between two
correctly patterned anteroposterior subdomains, the small
ll rights reserved.
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in the hindgut tubule.
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